[1] We present swath bathymetric, gravity, and magnetic data from the Mid-Atlantic Ridge between the Ascension and the Bode Verde fracture zones, where significant ridge-hot spot interaction has been inferred. The ridge axis in this region may be divided into four segments. The central two segments exhibit rifted axial highs, while the northernmost and southernmost segments have deep rift valleys typical of slow-spreading mid-ocean ridges. Bathymetric and magnetic data indicate that both central segments have experienced ridge jumps since $1 Ma. Mantle Bouguer anomalies (MBAs) derived from shipboard free air gravity and swath bathymetric data show deep subcircular lows centered on the new ridge axes, suggesting that mantle flow has been established beneath the new spreading centers for at least $1 Myr. Inversion of gravity data indicates that crustal thicknesses vary by $4 km along axis, with the thickest crust occurring beneath a large axial volcanic edifice. Once the effects of lithospheric aging have been removed, a model in which gravity variations are attributed entirely to crustal thickness variations is more consistent with data from an axis-parallel seismic line than a model that includes additional along-axis variations in mantle temperature. Both geophysical and geochemical data from the region may be explained by the melting of small (<200 km) mantle chemical heterogeneities rather than elevated temperatures. Therefore, there may be no Ascension/Circe plume.
Introduction
[2] A variety of large-scale bathymetric anomalies occur along the global mid-ocean ridge system. Many of these are due to the interaction of ridges with nearby ''hot spots.'' The largest and most well-studied example of such interaction is Iceland, where the ridge axis rises above sea level and is underlain by a region of low mantle velocities interpreted as a hot plume [Wolfe et al., 1997] which may extend throughout the mantle [Shen et al., 1998; Bijwaard and Spakman, 1999] . Elsewhere, ridge -hot spot interactions are generally more subdued, and the smaller-scale interaction is commonly attributed to a larger distance between the ridge and the hot spot [Ito and Lin, 1995a; Kincaid et al. 1996] . However, even where bathymetric anomalies are relatively small, the presence of a near-ridge hot spot appears to give rise to significant changes in the morphology and tectonics of the ridge axis, with ridge jumps and rift propagation more widespread [Brozena and White, 1990; Small, 1995] . While the evidence for a hot plume origin for the anomalies around Iceland appears strong, the origin of weaker long-wavelength axial depth anomalies remains controversial, with some authors favoring a chemical rather than thermal origin for these anomalies [e.g., Sleep, 1984; Shirey et al., 1987; Michael et al., 1994; Minshull et al., 1998 ].
[3] In this paper we discuss the morphology and tectonics of the Mid-Atlantic Ridge between the Ascension and the Bode Verde fracture zones (Figure 1 ), where the spreading rate is 32-33 mm/yr [DeMets et al., 1994] , the axial depth anomaly reaches approximately +1 km, and significant residual depth anomalies extend several hundred kilometers to the east of the ridge axis [Minshull et al., 1998 ]. These depth anomalies, and associated anomalies in the axial morphology [Brozena and White, 1990] , geochemistry of axial basalts [Schilling et al., 1985] , and axial seismicity, are commonly attributed interaction between the mid-ocean ridge and the ''Ascension'' or ''Circe'' hot spot. Based on axial depth and geochemical anomalies and on off-axis residual depth anomalies, the hot spot has been identified with a significant off-axis plume with a volumetric flux and buoyancy flux about half that of Iceland [Davies, 1988; Schilling, 1991; Malamud and Turcotte, 1999] . However, these flux estimates either ignore the contribution of crustal thickening to the depth anomalies, or assume that the contribution is negligible. If instead the anomalies are attributed entirely to Airy compensation of igneous addition to the crust between the Ascension and the Bode Verde fracture zones in the last 25 Myr, the long-term average melt production required is only 0.017 km 3 /yr [Minshull et al., 1998 ], which is much smaller than estimates for robust onaxis plumes such as Iceland.
[4] An additional point of controversy has been the location of the hot spot in this region. Several large seamounts are present on both the western and eastern flanks of the ridge axis [Brozena, 1986] . Schilling et al. [1985] speculated that the hot spot was located 450 km east of the ridge axis at a truncated topographic bulge around Circe seamount. However, recent 40 Ar/ 39 Ar dating of rocks from Circe seamount suggest an age of 6.6 ± 0.1 Ma [O'Connor et al., 1999] , indicating that the seamount is not the site of recent volcanism. Basalts from the ridge axis have Pb isotopic anomalies which do not fall on a mixing trend between mid-ocean ridge basalt (MORB) and Ascension Island compositions [Hanan et al., 1986] , indicating that the geochemical anomaly at the ridge axis is unrelated to Ascension Island, and that the mantle source of the geochemical anomalies is more likely located east of the ridge axis. Brozena [1986] suggested a hot spot location close to the ridge in the region of Grattan seamount and seamount D (Figure 1 ). This suggestion has received recent support from Figure 1 . (a) Bathymetry of the Mid-Atlantic Ridge between the Ascension and the Bode Verde fracture zones. Swath data at the ridge axis were combined with archived single beam echosounder profiles and satellite gravity-derived bathymetry, following the procedure outlined by Minshull et al. [1998] . Grid interval is 0.01 and contour interval is 200 m. The apparently rougher area around the ridge axis in segments A1 -A3 is the area covered by swath bathymetry. White circles mark earthquakes of body wave magnitude 4.1 or greater, during 1964-1999, with a typical uncertainty of 5 -10 km [International Seismological Centre, 2001] . Thick white lines mark boundaries of segments described in the text. AFZ is the Ascension Fracture Zone, BVFZ is the Bode Verde Fracture Zone, G marks Grattan seamount, and D marks Seamount D of Brozena [1986] . Circe seamount lies within segment A2 at $9°20 0 W. Box marks area of gravity analysis (Figures 11 and 12 ). Inset shows ship tracks used in the calculation of the long-wavelength component of the bathymetry. (b) Combined shipboard and satellite free air gravity for the same region. Contour interval is 5 mGal. Thick dashed white lines mark inferred ridge axis location (this paper), thin solid white lines mark magnetic anomaly picks of Brozena [1986] , and thin dashed white lines mark fracture zone picks of Brozena [1986] . Inset shows shipboard gravity data used in the compilation. Pb isotopic measurements on basalts dredged from Grattan [Bourdon and Hémond, 2001] , which indicate that they may form the ''missing end-member'' of the mixing trend identified by Hanan et al. [1986] . Finally, using a local velocity for the African plate relative to a ''fixed'' hot spot frame that is based on the St Helena seamount chain, O'Connor et al.
[1999] suggest a present-day hot spot location 130 km southwest of Circe seamount, where there is also a significant residual depth anomaly [Minshull et al., 1998 ].
Regional Tectonic Setting
[5] Based on aeromagnetic data, Brozena [1986] identified three ridge offsets between the Ascension and the Bode Verde fracture zones ( Figure 1) . As observed at several other locations [e.g., Tucholke et al., 1997] , the pattern of ridge axis segmentation has remained stable over time despite variations in the magnitude of the offsets, at least since magnetic anomaly 5C (16 Ma, according to the timescale of Cande and Kent [1995] , which is used throughout this study). These three second-order offsets divide the ridge into four spreading segments, labeled A1 -A4 in this study. The most northerly offset cuts the ridge axis near 8°20 0 S, and displaces left-laterally all anomalies out to anomaly 2A (3 Ma). Between anomaly 2A and anomaly 4A, the offset disappears. Before anomaly 4A (9 Ma), there is a right-lateral offset in the anomalies which coincides with weak gravity lows on both flanks of the ridge axis ( Figure 1 ) [Mello, 1993] . The second long-lived offset is a right-lateral offset at 9°20 0 S (fracture zone A of Brozena [1986] ). This offset also coincides with a linear gravity low on both flanks of the ridge. The third offset at 10°S is also right lateral at present, but the sense of offset appears to have changed over time and there is no corresponding gravity lineation. Two smaller offsets of the central anomaly near 8°S and 11°S appear to be more short-lived features.
[6] Using the timescale of LaBrecque et al. [1977] , Brozena [1986] inferred large variations in spreading rate over the past 16 Ma, including a dramatic increase between 10 and 7 Ma and a decrease from 6 to 2 Ma. Much of this variation can be attributed to inaccuracies in the magnetic anomaly timescale: Cande and Kent [1992] demonstrated that errors existed in all previous timescales which are inherited from the original work of Heirzler et al. [1968] , and that anomaly 5 was approximately 1.0 Ma too young in the timescale of LaBrecque et al. [1977] . Using the revised timescale of Cande and Kent [1995] , we infer that the spreading rate varies much more smoothly, with a gradual decrease in spreading rate from 48 to 32 mm/yr between 11 and 4 Ma and a roughly constant rate of 32-33 mm/yr since 4 Ma (Figure 2 ), in agreement with the NUVEL-1A model [DeMets et al., 1994] . Before 10 Ma, there was significant ($20%) asymmetry in the spreading rates, with the east flank spreading at $21 mm/yr and the west flank at $26 mm/yr, but since 10 Ma spreading has been symmetric. The present apparent asymmetry of $12% is due primarily to an eastward ridge jump that has occurred since anomaly 2 time [Brozena and White, 1990] .
Ridge Axis Morphology
[7] Here we interpret in detail a bathymetric grid constructed from the swath data set of Brozena and White [1990] , and use these data with the magnetic data analysis in the following section to locate the present-day spreading center. Swath survey lines ran predominantly E-W across the ridge axis at $3 km spacing, to give $80% bathymetric coverage.
Segment A1
[8] Ridge segment A1 is $90 km long and is characterized by a well-defined, continuous rift valley with over 1000 m of relief, and significant seismicity (Figures 1 and  3) . The ridge -transform intersection is marked by a deep, triangular nodal basin with a maximum depth of 5100 m and a width of $25 km. The basin is truncated abruptly to the north by a steep, linear scarp over 1000 m high, interpreted to mark the trace of the active transform fault. To the east of this basin is a shallow inside corner high, rising to a depth of 1100 m. The rift valley shallows and narrows southward toward the segment center, reaching a minimum depth of 3400 m and a width of $5 km at 7°53 0 S. Further south, the valley deepens and widens again, reaching depths of 3700-4000 m. The center of the rift valley floor at 8°S is marked by a linear ridge, several hundred meters high and $10 km long. Another similar ridge appears further south at 8°10 0 S, offset 5 km to the west. We interpret these ridges as sites of recent constructional volcanic activity at the plate boundary.
[9] Flanking the axial valley, the rift valley walls rise in a series of terraces bounded by steep fault scarps. The rift mountains show considerable asymmetry: away from the inside corner high, the east flank rises to a minimum depth of 2100 m, whereas the west flank is shallower, rising to Brozena [1986] using the magnetic anomaly timescale of LaBrecque et al. [1977] and (b) recalculated values using the timescale of Cande and Kent [1995] . Values are 2 Ma running averages, with the exception of the value from 0 to 1 Ma, which is plotted at zero age. 1600 m. A circular, closed-contour depression at 7°55 0 S, 13°35 0 W was interpreted by Brozena and White [1990] as a large caldera 300 -400 m deep topping a circular volcanic platform; this feature suggests the presence of ongoing offaxis volcanism [Klingelhoefer et al., 2001] .
0 S discontinuity represents a right-lateral offset in the ridge axis of $20 km (Figures 3 and 4) . At the southern end of segment A1, where it intersects the discontinuity, the axial valley deepens to form a 3800 m basin trending obliquely to the ridge axis. The intersection of the western spreading axis in segment A2 (see below) with the discontinuity is marked by a similar basin reaching 3600 m depth. The off-axis trace of the discontinuity forms a discordant zone, which disrupts the ridge-parallel seafloor fabric. On the western flank of the ridge, this zone consists of a series of deep basins trending NE-SW, at $45°to the spreading direction, suggesting that the offset has been migrating northward at a rate approximately equal to the half-spreading rate of the ridge [Brozena and White, 1990] , since at least 4 Ma.
[11] The discordant zone is bounded to the north by a steep scarp with $1800 m of relief. A shallow inside corner high rising to a minimum depth of 1400 m can be seen to the north of the discontinuity at 8°10 0 S, and the summit of the scarp is the off-axis expression of the inside corner highs formed at the southern tip of segment A1. A conjugate series of basins can be seen on the east flank of the ridge, trending NW-SE, with a similar region of shallow bathymetry to the south of these basins which represents the relict inside corner highs formed at the northern tip of segment A2. This ridge is less distinct, probably because of the deformation that must have occurred in the zone of transferred lithosphere formed as the discontinuity migrated northward [Hey et al., 1980] . Magnetic anomaly data suggest that a recent eastward ridge jump of segment A2 has reversed the sense of ridge offset, and the discontinuity is now a left-lateral offset of 20 -25 km [Brozena and White, 1990] .
Segment A2
[12] Two ridge axes may be defined in segment A2 ( Figure 4) ; on the basis of magnetic modeling (see below), the eastern axis is interpreted as the current spreading center in the north of the segment, whereas the western axis may still be active in the south. The segment appears to be magmatically inflated, and exhibits very little seismicity (Figure 1 ). The eastern axis has a shallow rift valley, while EPM the western axis has a rifted axial high reaching a minimum depth of 2000 m. Conjugate highs are located $25 km either side of the western axis, perhaps representing a previous phase of magmatic inflation. The most striking feature of the eastern axis is a large, linear ridge running parallel to the axis between 8°5 0 S and 9°S, which rises to a depth of less than 2000 m. This ridge is continuous across the pseudofault trace, suggesting that it is a relatively recent feature that has overprinted the preexisting terrain. The ridge is interpreted as the eastern wall of the rift valley, bounded by steep fault scarps. The western wall is generally less well developed, except at 8°35 0 S where it rises to a minimum depth of 1400 m. 3.2.1. 9°20
0 Discontinuity [13] The boundary between segments A2 and A3 is marked by a 15 km left-lateral offset (Figures 4 and 5) . Here, the rifted high forming the southern end of segment A2 and the axial ridge which forms the spreading center of segment A3 curve toward each other and overlap by $10 km. The morphology is similar to that exhibited by overlapping spreading centers (OSCs) on the East Pacific Rise [MacDonald et al., 1988] and elsewhere in the Atlantic [Grindlay et al., 1991] . Two overlap basins formed at the OSC and rafted away are visible either side of the ridge axis, with depths in excess of 3000 m.
Segment A3
[14] Segment A3 is the shallowest segment ( Figure 5 ), and here the spreading center is marked by an axial high $70 km in length. The ridge axis in this segment is devoid of teleseismically detectable earthquakes (Figure 1) . South of the OSC, the axial high widens and shallows to reach a minimum depth of 1460 m and a width of $20 km at 9°36 0 S. Two large off-axis seamounts appear to the east of (Figure 6 ), which is both volcanically and hydrothermally active, is topped by a large, elongated caldera, and has several large off-axis seamounts nearby [Johnson and Embley, 1990] . Magnetic anomaly data suggest that there has also been a recent ridge jump at Axial Seamount [Delaney et al., 1981] .
10°S Discontinuity
[15] The 10°S discontinuity is a $15 km right-lateral offset ( Figure 5 ) formed by the recent ridge jump of segment A3. There was probably no offset immediately prior to this ridge jump, though a discontinuity at this latitude has been present since $14 Ma (Figure 1) [Brozena, 1986] .
Segment A4
[16] Segment A4 (Figure 1 ) is the longest of the four segments, but Seabeam data are only available from its northernmost part. This segment has a well-defined rift valley with a depth of $3400 m and a width of $10 km, and significant seismicity. The flanking rift mountains rise to depths of less than 2000 m. The sinuous appearance of the rift valley may indicate the presence of several unresolved small offsets.
Magnetic Data
[17] The most pronounced feature of magnetic data from the area (Figure 7 ) is a broad linear positive anomaly in segment A2, interpreted as the Bruhnes anomaly associated with the western spreading axis. The highest-amplitude anomalies coincide with the ridge axis discontinuities at 8°15 0 S and 9°20 0 S, a phenomenon which has been attributed elsewhere to Fe-Ti enrichment of the erupted basalts by extensive shallow-level fractionation [Vogt, 1979] . The offset of the Bruhnes anomaly to the east of the axial high in the northern part of segment A3 and to the west of the axial high in the southern part of this segment provides further evidence for a recent ridge jump in this segment.
[18] Based on magnetic profiles across the northern half of segment A2, van Andel and Heath [1970] picked the ridge axis at 13°15 0 W from the combination of a highamplitude magnetic anomaly and bathymetric evidence for a linear ridge (marked in Figure 4 ). An independent constraint comes from a dredge sample described by the same authors. They report that late Pliocene (3.5 -2.0 Ma) baked foraminiferal ooze was discovered on a basalt boulder dredged from the west flank of the linear ridge, in conflict with their magnetic anomaly interpretation, which predicts an age of 0.7 Ma for this ridge. They also observed up to 200 m of sediment in the valley immediately east of the linear ridge. Generally, however, they observed very little sediment cover, suggesting that magnetic anomalies could be adequately modeled using the seabed as the top of the magnetized layer.
[19] Based on an inversion for magnetization [Parker and Huestis, 1974] of the data shown in Figure 7 and an association of high magnetization with recent volcanism, Brozena and White [1990] identified three neovolcanic segments within segment A2, which overlap by $10 km and are each associated with topographic ridges interpreted as constructional volcanic features. However, the inversion for magnetization can become unstable close to the magnetic equator because any small N-S lineated features in the observed field will result in large-amplitude N-S features in the magnetization solution [Miller and Hey, 1986] . Here, we investigate the recent spreading history of segment A2 by forward modeling of three long E-W magnetic profiles acquired in 1993 ( Figure 7) ; elsewhere, magnetic profiles are generally too short for forward modeling to be useful.
[20] Synthetic magnetic anomaly data were generated using a two-dimensional approach which incorporates the observed bathymetry, the azimuth of the spreading center and a magnetic reversal timescale [Naar and Hey, 1986] . The spreading rate and times and distances of discrete ridge jumps were considered as free parameters. Results from three different models were compared. The first attempts to fit the data with a constant spreading rate and no ridge jumps (Figure 8 ). This results in a good fit to the central anomaly and to anomaly 2, particularly for profile C, but prior to anomaly 2, the fit is poor. Matching the earlier anomalies by changes in spreading rate alone requires unrealistically large variations over short time intervals; we conclude that one or more ridge jumps are required to fit the data.
[21] Our second model was that of Brozena and White [1990] , who identified the high-amplitude, narrow anomaly near the center of the profiles as the current spreading axis and two weak anomalies to the west as anomaly 2 either side of an extinct spreading center. An initial model was constructed using the times and distances of ridge jumps inferred by Brozena and White, and these parameters were then adjusted to optimize the fit (Figure 9 ). The optimized model includes a ridge jump at 1.3 Ma, which affected profiles A and B only, and a further jump at 0.3 Ma, which affects all three profiles. The model matches well the eastern half of profile B, suggesting that anomalies 2A and 3 have been correctly identified, but the match to the western half of the profiles is generally worse than for the model without ridge jumps. Although variations in magnetization, which are not accounted for in the model, may explain some of the discrepancy, the overall shape of the anomalies will not be affected by smooth lateral changes in magnetization. A further problem with this model is that the magnetization high coincides with the location of van Andel and Heath's [1970] Pliocene dredge sample.
[22] A simpler model that provides a better overall fit to the data has a single ridge jump by 35 km to the east at 0.3 Ma and a constant half-spreading rate of 18 mm/yr ( Figure  10 ). Anomalies 2 and 2A are then well matched on all three profiles. The positive anomaly between anomalies 2 and 2A is interpreted as the location of the current spreading center, and is well matched on profiles A and B. A negative anomaly appears at this location in profile C, where the southern end of the linear ridge curves to the west; it is possible that the most recent spreading has been accommodated tectonically in this region, with insufficient volcanism to produce a positive anomaly. This new model has the 9°15 0 discontinuity as a right-lateral offset prior to the ridge jump, as suggested by the bathymetry.
[23] The linear ridge at 13°15 0 W forms the eastern wall of the new rift valley and has a modeled age of $2.5 Ma, in good agreement with the age of the dredge sample. The $10 km width of the rift valley corresponds to $0.3 Myr of spreading. The western wall is less well developed ( Figure  4) , perhaps because the lithosphere there is younger and thinner than to the east [Chen and Morgan, 1990] , or because the topography is generated by reactivation of normal faults generated at the western spreading center. Such faults would dip predominantly to the west, which is the right direction for reactivation on the eastern flank of the new spreading center, but in the wrong direction for reactivation on the western flank.
Gravity Data
[24] An extensive gravity data set was acquired for segments A1 -A3. An initial interpretation of these data, focused on segment A2, was given by Minshull et al. Figure 8 . Magnetic anomaly profiles and models for segment A2 with a constant half-spreading rate of 16 mm/ yr. For each of the three profiles marked in Figure 7 , the observed data (top) and synthetic data (middle) are shown with the magnetization model, which consists of a 1 km magnetic source layer with an effective susceptibility of 0.02, bounded at its top by the seabed. Dark blocks are normally magnetized. Labels below the models mark the Bruhnes (B), Jaramillo (J), and other numbered magnetic anomalies. The reversal pattern is based on the magnetic reversal timescale of Cande and Kent [1995] .
[1998]. Following a crossover error analysis, which gave a final root-mean-square crossover error of 2.9 mGal [Minshull et al., 1998 ], shipboard data were combined with satellite data [Sandwell and Smith, 1997] for points more than 0.1 0 from the nearest shipboard measurement, and the combined data set was interpolated onto a 0.01°grid interval (Figure 1b) . Prior to combining the data, the mean difference between satellite and shipboard values was computed along ship tracks, and the shipboard data were adjusted to set this difference to zero.
[25] A mantle Bouguer anomaly (MBA) (Figure 11 ) was then computed using water, crust and mantle densities of 1.03, 2.86, and 3.33 mg/m 3 , respectively, and a reference crustal thickness of 7 km. Gravity calculations used the Fourier-based approach of Parker [1973] , and covered an area of 5.12°Â 5.12°, much larger than the region shown in Figure 11 , to eliminate edge effects. Our analysis is focused on the region of good bathymetric coverage, since outside this region the bathymetry used from gravity corrections is itself derived from satellite gravity data [Minshull et al., 1998 ]. The crustal density used is the estimated mean value for oceanic crust of Carlson and Herrick [1990] . The MBA is relatively insensitive to variations in this value, with a difference of less than 2 mGal resulting everywhere except at the largest seamounts (e.g., Grattan) if the more common value of 2.80 mg/m 3 is used instead.
[26] The strongly negative free air anomaly along the median valley of segment A1 is almost completely removed by the mantle Bouguer correction, indicating that the rift valley is not isostatically compensated across-axis and that the assumption of constant crustal thickness is probably a fair approximation within the segment. Two distinct subcircular gravity lows appear in segments A2 and A3, similar to the ''bull's-eye'' anomalies observed elsewhere on the Mid-Atlantic Ridge [e.g., Kuo and Forsyth, 1988] . In segment A2, the negative anomaly is centered on the eastern ridge axis. If the magnetic anomaly model of Figure 10 is correct, the ridge jump occurred into $2 Ma lithosphere, which would have a thickness of $20 km [e.g., Parsons and Sclater, 1977] . The thermal time constant of a 20 km lithosphere is $1.3 Ma, so the location of MBA minimum would then suggest that lithospheric thinning and associated mantle upwelling occurred beneath the eastern ridge axis long before the surface expression of the ridge jump at 0.3 Ma. If the surface expression of the ridge jump occurred much earlier, as in the model of Brozena and White [1990] , such a time difference is not required. In segment A3, the negative anomaly is also centered on the present ridge axis, though small residual lows are present to the west of the southern part of the axis and to the east of the northern part. [27] The MBA is dominated by a general increase in gravity away from the ridge axis due to lithospheric cooling. To emphasize deviations from this pattern, we removed the predicted gravity effects of a simple thermal model based on the three-dimensional passive flow model of Phipps Morgan and Forsyth [1988] . In the model, the spreading system is described by a series of straight, orthogonal ridges and transforms, so ridge jumps and rift propagation cannot be accounted for explicitly. The spreading center was approximated by the boundary shown in Figure 11b . The temperature field was computed on a 512 Â 512 grid with a grid spacing of 2 km, using reference temperatures of 0°C at the seabed and 1300°C at 100 km depth. The edges of the grid are at least 450 km from ridges and 250 km from transforms, so that edge effects in the region of interest are negligible. The model used a half-spreading rate of 18 mm/ yr. The density distribution in the mantle was determined from the temperature field using a thermal expansion coefficient of 3.2 Â 10 À5 /°C.
[28] The residual anomaly (RMBA) (Figure 11b ) reflects deviations in crustal thickness and crust and mantle density from those assumed in the model. The main features are broad lows centered on the west flank of the ridge axis at the center of segment A2, and on the east flank at the center of segment A3, with other lows around off-axis seamounts. The low west of segment A2 could be due to the residual thermal effect of the abandoned spreading center, which is not accounted for in the thermal model. An end-member model is to assume that the RMBA results entirely from variations in crustal thickness. The thickness variations required were computed by downward continuation of the RMBA to a depth of 10 km, corresponding to a typical water depth of 3 km and a crustal thickness of 7 km, and scaling by the density contrast of 0.47 mg/m 3 at the base of EPM the crust (Figure 12 ) [e.g., Kuo and Forsyth, 1988] . Unrealistic short-wavelength variations in crustal thickness were removed by low-pass filtering the data prior to downward continuation using a cosine taper between 25 and 45 km.
[29] The inferred crustal thickness varies along-axis from $6 km near the Ascension Fracture Zone to $11 km at the centers of segments A2 and A3, where the ridge axis is $1.5 -2.0 km shallower than in segment A1 (Figure 13 ). These crustal thickness variations are smaller than those required for Airy isostatic balance of the topography (Figure  13a) , suggesting that the topography is partly maintained by the flexural strength of the axial lithosphere. Variations in axial depth are exaggerated because the bathymetry is sampled in a deep valley in segment A1, but on highs in segments A2 and A3. If a crustal density of 2.8 mg/m 3 is assumed instead, thickness variations are reduced by only a few hundred meters (Figure 13c) . If the crustal density is assumed to vary with crustal thickness according to the relationship derived by Minshull [1996] , the inferred thickness variations are almost identical because the density varies little for crustal thicknesses greater than 6 km. Figure 12 . Crustal thickness variations required to explain the residual gravity anomalies of Figure 11 , assuming no lateral variations in crustal or upper mantle density. Contour interval is 1 km. Thick solid and dashed lines are as in Figure 11a . Thinner solid line is the seismic line of Minshull et al. [1998] , white circles are sonobuoy locations, triangles are the dredge sites of Schilling et al. [1985] , and inverted triangles those of Bourdon and Hémond [2001] . . Longer dashed line is the crustal thickness inferred from the MBA using the approach of Ito and Lin [1995b] (see text). (d) Dashed line marks mantle temperature anomaly inferred from the MBA using the empirical relationship of Ito and Lin [1995a] . Solid line marks the result of applying the same relationship to the RMBA instead. In both cases, the absolute level is arbitrary. However, this relationship often fails at segment boundaries, so inferred thicknesses close to such boundaries should not be considered reliable.
[30] An alternative approach to estimating the axial crustal thickness is to assume that contributions to the gravity anomaly from crustal thickness and mantle density variations are related through mantle temperature, since increased mantle temperatures cause increased decompression melting and therefore increased crustal thickness. Such an approach was applied to the Galapagos spreading center by Ito and Lin [1995b] , who imposed a temperature anomaly at the base of the three-dimensional passive flow model of Phipps Morgan and Forsyth [1988] , set at 160 km depth, estimated the crustal thickness produced using the linear melting function and depth -solidus relation of Reid and Jackson [1981] , and showed that for such a model, 70-75% of the MBA comes from crustal thickness variations and 25 -30% from mantle temperature variations. The along-axis slopes of the MBA and RMBA differ little except near significant ridge offsets, so the result of such an approach is that inferred along-axis crustal thickness variations are significantly less than those inferred from downward continuation of the RMBA (Figure 13c ). Application of this approach to a variety of spreading rates gave the empirical relationship
where U is the spreading rate in mm/yr, ÁT is measured in°C and the MBA is measured in mGal [Ito and Lin, 1995a] . If the axial crustal thickening in segments A2 and A3 is attributed to the presence of hot mantle plume material beneath the axis, direct application of this relationship suggests a maximum mantle temperature anomaly of $+40°C (Figure 13d ). This value is slightly misleading since the MBA, and hence the inferred temperature, is depressed by the thermal edge effect of the Ascension Fracture Zone. Application of the same empirical relationship to the RMBA instead suggests that this effect contributes $+10°C toward the inferred anomaly.
[31] The two approaches to estimating crustal thickness can in principle be distinguished where seismic constraints are available. A wide-angle seismic line was acquired close to the ridge axis in segment A2. The acquisition and modeling procedure are described by Minshull et al. [1998] , who also show representative data. Moho depths are constrained by wide-angle reflections in three places on the line (Figure 14) . Neither gravity-based model entirely fits the seismically derived crustal thicknesses within their likely uncertainties (Figure 14) . However, the maximum variation in seismic crustal thickness of $4 km is much better matched by the model of Figure 12 , which also gives $4 km of variation, than by the model based on Ito and Lin's [1995b] approach, which gives a variation of only $3 km.
Discussion
[32] The above analysis appears to preclude the presence of a region of anomalously hot material beneath the ridge axis extending beyond 160 km depth as a cause of the axial depth and gravity anomalies between the Ascension and the Bode Verde fracture zones. A more depth-limited thermal anomaly cannot be excluded, but this anomaly would have to extend close to the base of the melting zone (perhaps at 60-80 km depth) to generate the observed crustal thickness anomalies. The axial depth, MBA, crustal thickness, and inferred temperature anomalies are all of comparable magnitude to those resulting at the Cocos Ridge from the offaxis Galapagos hot spot [Ito and Lin, 1995b] , but are much shorter in wavelength. The $450 km along-axis width of Figure 14 . (a) Ray coverage for arrivals picked from the four sonobuoys marked in Figure 12 . Numbered sonobuoy locations are marked beneath. Every 10th ray is plotted. Along-profile sonobuoy drift inferred from direct and seabed reflected arrivals is accounted for by binning receiver locations [Bruguier and Minshull, 1997] Figure 12 along the seismic profile. Dashed line marks crustal thickness variation estimated from the MBA assuming 70% of the axial MBA variation comes from crustal thickness variations. Thick solid lines mark well-constrained crustal thickness from the seismic model of Minshull et al. [1998] , with dotted lines marking estimated ±0.5 km error bounds on these values. the bathymetric anomaly is also much less than that predicted by the simple inverse relation to spreading rate predicted by Ito and Lin [1995a] , though a narrower ridge axis anomaly would be consistent with their model if the plume channel width were much reduced.
[33] Further constraints on the melting process in the Ascension region come from the chemistry of erupted basalts. Schilling et al. [1985] showed that basalts dredged from this region (Figure 12 ) are enriched in incompatible trace elements relative to normal MORB. La/Sm ratios reach values similar to those measured close to the Galapagos hot spot by Verma et al. [1983] , though as with the geophysical anomalies, the wavelength of the anomaly is much shorter. Although this enrichment could occur during melt generation, very small melt fractions would be required, and it is therefore attributed to a similar enrichment in the mantle source region. Lead isotopic data [Hanan et al., 1986; Bourdon and Hémond, 2001 ] also indicate significant enrichment of the mantle source in segments A1 -A3, though He, Sr, and Nd isotopes fall mainly within the MORB field [Graham et al., 1992; Fontignie and Schilling, 1996; Bourdon and Hémond, 2001] . Thus, the geochemical data suggest that the mantle source region is enriched in incompatible elements, but that this enrichment does not represent a primitive mantle source.
[34] Both geochemical and crustal thickness anomalies may be explained by the melting of a small mantle heterogeneity which has risen into the melting region at or close to the ridge axis in the Ascension area. Such a heterogeneity may be indistinguishable from the surrounding mantle in terms of rheology and density, but may be enriched in volatiles and therefore have a lower solidus temperature than the surrounding mantle, leading to initiation of melting at greater depth and to greater melt production than for a normal mantle peridotite [e.g., Bonatti, 1990] . A similar mechanism has been suggested for other areas of the MidAtlantic Ridge with elevated Pb isotopic and incompatible trace element ratios and anomalous bathymetry, at 33°S, 14°N and 35°N [Michael et al., 1994; Bougault et al., 1988; Dosso et al., 1991; Niu et al., 2001] . The scale of heterogeneity required is likely to be smaller than the $200 km along-axis length of significantly elevated topography, because of dispersion during melt transport, along-axis channeling of asthenospheric flow, and along-axis transport of melt. Ultimately, there may be little observable difference between the effects a chain of such anomalies and those of a weak and intermittent off-axis plume which is channeled toward the ridge axis.
Conclusions
[35] From an analysis of bathymetric and potential field data for the Mid-Atlantic Ridge between 7°and 12°S, we conclude that:
1. The crustal accretion process has been strongly modified by anomalies in the mantle. The magmatically inflated segment A2 has been propagating northward at the expense of segment A1, and excess volcanism in segment A3 has created a large ridge-centered volcano, analogous to Axial Volcano on the Juan de Fuca Ridge.
2. Forward modeling of magnetic anomalies, combined with the interpretation of swath bathymetric data, suggests that the spreading center at segment A2 is marked by a shallow rift valley, and not by the adjacent linear ridge where the inferred magnetization is largest.
3. The position and shape of large ''bull's-eye'' gravity anomalies at segments A2 and A3 support the tectonic interpretation based on bathymetric and magnetic data. Data from segment A2 indicate that, if the ridge jump there occurred as recently as our magnetic modeling suggests, this jump is the surface expression of a longer-lived displacement of mantle upwelling at depth.
4. Along-axis gravity anomalies may be explained entirely by crustal thickness variations, with no evidence for significant mantle temperature variations. If a mantle plume is present in the region, its thermal effects are not significant at the ridge axis, despite significant effects on crustal thickness and composition.
5. In common with other parts of the Mid-Atlantic Ridge, geophysical and geochemical anomalies may be attributed to the arrival in the melting region of small mantle heterogeneities with lower solidus temperatures.
